Objective: To examine whether serum levels of a-tocopherol, b-carotene and retinol were associated with risk of non-insulin dependent diabetes mellitus (NIDDM). Design and subjects: The study design was a nested case-control study within a longitudinal population study. Serum levels of antioxidants were determined in 106 incident cases with non-insulin dependent diabetes mellitus detected on follow-up and 201 controls matched for sex, age and study region. Results: The incident cases had lower serum a-tocopherol and b-carotene levels than controls. The relative risk between the highest and lowest tertiles of serum a-tocopherol was 0.61 (95% con®dence interval (CI) 0.32±1.15), between the highest and lowest tertiles of serum b-carotene 0.45 (CI 0.22±0.92). Although the relative risk of highest compared with lowest tertile of serum a-tocopherol was not statistically signi®cant the inverse trend through the tertiles was (P`0.05). The decreasing risk of diabetes was particularly evident in the elderly, women, nonsmokers and the obese. However, adjustment for serum cholesterol, obesity, smoking and hypertension abolished the associations. The adjusted relative risks in relation to serum a-tocopherol and bcarotene (between highest and lowest tertiles) were 1.25 (CI 0.54±2.90) and 0.94 (CI 0.38±2.32), respectively. No associations were observed relating to serum retinol. Conclusions: High levels of a-tocopherol and b-carotene were found to be associated with decreased risk of noninsulin dependent diabetes mellitus, but the association disappeared after adjustment for cardiovascular risk factors.
Introduction
Oxygen-derived free radicals have been implicated in the pathogenesis of diabetes mellitus as well as in development of complications of the disease (Oberley, 1988) . Free radicals contribute (Oberley, 1988) to autoimmune destruction of b cells, leading to insulin dependent diabetes mellitus (IDDM). Development of microvascular and macrovascular complications of diabetes is thought to be due to hyperglycaemia, insulin resistance and the subsequent enhanced development of atherosclerosis; free radicals may be involved in all of these processes (Oberley, 1988; Halliwell & Gutteridge, 1989; Baynes, 1991; Keaney et al, 1993) .
Although free radicals are probably involved in islet-cell destruction and development of diabetic complications, almost no information exists about their role in the aetiology of non-insulin dependent diabetes mellitus (NIDDM). Insulin resistance plays the leading role in the pathogenesis of NIDDM. However, several other factors may contribute, for example decreased reserves of antioxidants in the body. In a recent prospective study high serum a-tocopherol levels were shown to be associated with decreased risk of NIDDM (Salonen et al, 1995) .
We previously investigated the risks of several common chronic diseases and serum concentrations of antioxidants and micronutrients in a large prospective population study (Knekt et al, 1988; Knekt et al, 1992; Reunanen et al, 1992; Helio Èvaara et al, 1994) . In this report of a nested casecontrol study we analyse the associations between the incidence of NIDDM and levels of b-carotene, retinol and a-tocopherol.
Subjects and methods
The Mobile Clinic Health Examination of the Social Insurance Institution carried out multiphasic screening examinations in various regions of Finland in 1966±1972. In all, 62 440 men and women aged from 15±99 years were invited; the participation rate was 83% (Aromaa, 1981; Reunanen et al, 1983) .
A self-administered questionnaire checked at the baseline examination provided information on previous and current illnesses, consumption of drugs and smoking habits. Casual blood pressure was registered by the auscultatory method. Subjects were classi®ed as hypertensive if they were taking antihypertensive drugs, or if untreated systolic blood pressure was b160 mm Hg and diastolic blood pressure b95 mm Hg (Aromaa, 1981) . Body height and weight were measured and body mass index (weight (kg)aheight 2 (m 2 )) computed. An oral glucose tolerance test was carried out for every subject except known diabetics. The oral glucose load was graded according to body surface area (40 gam 2 ). For practical reasons, only three doses (60, 75 or 90 g) were used. A venous blood sample was drawn one hour after the oral glucose load. Separate serum and plasma samples were frozen immediately, and stored at 720 C for 1±3 weeks. Serum cholesterol concentrations were determined from the serum samples using an autoanalyser modi®cation of the Liebermann±Burchard reaction. Concentrations of glucose in plasma samples were determined using an autoanalyser modi®cation (Technicon Auto-Analyzer Methodology N-2b) of the ferricyanide reduction method. Haematocrits were estimated using the Clay±Adams microhaematocrit method.
We have previously described in detail a nested casecontrol study of serum micronutrients and cancer incidence relating to 766 cancer cases and 1558 age-and sex-matched controls derived from the prospective phase of this healthexamination study (Knekt et al, 1988 ). In the study described here we took all of the subjects who served as controls in the previous cancer study as the initial population from which the cases and controls were drawn. The criteria for the selection of the initial cohort were freedom from cancer at the time of baseline health examination and matching for age and sex in relation to subsequent cancer cases. We excluded from the initial study population all subjects known to suffer from diabetes and those unequivocally diagnosed for the ®rst time at the health examination. Serum micronutrient determinations were carried out in all on 1427 subjects.
Serum a-tocopherol, b-carotene and retinol determinations were undertaken on serum samples from the baseline examination kept frozen at 720 C. Serum retinol, bcarotene and a-tocopherol levels were determined simultaneously, using high-pressure liquid chromatography .
Under the Sickness Insurance Act, all diabetics needing drug therapy are entitled to reimbursement of drug costs, eligibility for which requires a detailed medical certi®cate from an attending physician. A central register of all patients receiving drug reimbursement is kept by the Social Insurance Institution. Participants in the present study population with no previous histories of diabetes mellitus were linked to that register using the unique social-security code assigned to each Finnish citizen. During follow-up until the end of 1986, 106 (55 men and 51 women) new diabetes mellitus cases occurred. All medical certi®cates of these cases were checked and every case met the WHO diagnostic criteria for NIDDM (Diabetes Mellitus, 1985) . From the remaining 1323 subjects, two controlsacase were attempted to select matched on the basis of sex, age and municipality. Two hundred and one controls could be selected in this way.
The general linear model was used to estimate ageadjusted correlation coef®cients between vitamin levels and various potential risk factors of diabetes mellitus in the control material (Cohen & Cohen, 1975) . The conditional logistic model (Breslow & Day, 1980) was used to estimate the association between serum vitamin levels and risk of diabetes mellitus by adjusting for the presence of confounding factors and taking into account of effect-modifying factors by including them in the model. Relative risks (RR; estimated as odds ratios) and 95% con®dence intervals (CI) were computed for tertiles of serum antioxidant levels.
Results
Incident cases of diabetes identi®ed during the follow-up were more obese, had higher plasma glucose levels after oral glucose load, and had lower levels of serum cholesterol (Table 1) . They also had signi®cantly lower serum atocopherol levels than those not affected (Table 1) . Serum b-carotene levels were lower, though not signi®-cantly, in cases than in controls. No difference was observed in serum retinol levels. Study of associations between post-load plasma glucose, body mass index, smoking and hypertension, and serum levels of a-tocopherol, bcarotene and retinol revealed a signi®cant inverse association between serum b-carotene and both plasma glucose and hypertension. Correlation coef®cients in both cases were 0.20. No other correlation was signi®cant.
There was a signi®cant (P`0.05) inverse gradient between serum a-tocopherol level and risk of diabetes mellitus (Table 2 ). However, after adjustment for serum cholesterol, smoking, hypertension and body mass, the association disappeared. The statistical signi®cance disappeared already, when only body mass index was included into the the factors adjusted for. The results did not materially change when also postload glucose was included in the factors for which adjustment was made (Table 2) .
A signi®cantly lower risk (RR 0.45, CI 0.22±0.92) of NIDDM was observed in individuals in the highest tertile of b-carotene than in those in the lowest tertile. The trend by tertiles was not signi®cant, however (Table 2) . After adjustment for serum cholesterol, smoking, hypertension and body mass index the lower risk in the highest tertile of b-carotene ceased to be signi®cant. No association was observed between serum retinol levels and risk of NIDDM.
When the subjects were divided into two groups by risk factor level, stronger associations were observed between risk of NIDDM and serum a-tocopherol and b-carotene in women than in men (Table 3 ). The associations were also more pronounced in older and obese individuals, and in nonsmokers.
Discussion
Lower risks of NIDDM in individuals with higher levels of serum antioxidants, particularly those with higher levels of serum tocopherol, was shown in our study. The results corroborate earlier ®ndings showing lower values of vitamin E in cases of NIDDM in middle-aged men from eastern Finland (Salonen et al, 1995) . However, in our study, the associations disappeared after confounding variables were taken into account.
Free radicals have been shown to play an important role in the destruction of pancreatic islet beta cells in the (Oberley, 1988; Strain, 1991) . Several antioxidants have also been shown to retard the destruction of islet cells in experimental diabetes (Slonim et al, 1982; Murthy et al, 1992) . Although insulin release by b-cells is impaired in NIDDM, peripheral insulin resistance is thought to make stronger contribution, or to be at least as strong a factor in the pathogenesis of NIDDM. Obesity, fat distribution and physical inactivity are the major risk factors for insulin resistance (Jarrett, 1989; King & Dowd, 1990 ). It has not usually been thought that free radicals affect the ef®cacy of insulin on peripheral cells. Interestingly, however, pharmacological doses of tocopherol, one of the most important exogenous antioxidants, have recently been reported to enhance the action of insulin (Paolisso et al, 1993a) . Although not much is known about the contribution made by free radicals to the pathogenesis of NIDDM, more is known about their role in the pathogenesis of diabetic complications. It has been suggested that enhanced production of free radicals,`oxidative stress', is central event to the development of diabetic complications (Baynes, 1991) . This suggestion has been supported by demonstration of increased levels of indicators of oxidative stress in diabetic individuals suffering from complications (Collier et al, 1990; MacRury et al, 1993) .
It has often been noted that serum tocopherol is higher in diabetic than in non-diabetic subjects (Vatassery et al, 1983) . The increased levels have been shown to be almost totally a consequence of close association of tocopherol with lipoproteins. Both are often increased in diabetic patients (Vandewoude et al, 1987) . Dietary supplements of vitamin E delays the onset of IDDM in the BB rat (Flechner et al, 1990 ) and the non-obese mouse (Beales et al, 1994) . Tocopherol in pharmacological doses reduces indicators of oxidative stress (Ka Èhler et al, 1993) and protein glycosylation (Ceriello et al, 1991) in diabetic patients, and thus could therefore be bene®cial in preventing diabetic complications (Baynes, 1991) . Pharmacological doses of vitamin E have also been shown to reduce insulin resistance (Paolisso et al, 1993a (Paolisso et al, , 1994 and improve metabolic control in NIDDM patients (Paolisso et al, 1993b) . In the ®rst prospective population study involving Serum antioxidants and risk of non-IDDM A Reunanen et al middle-aged men, high serum concentrations of a-tocopherol were shown to protect against development of NIDDM (Salonen et al, 1995) . The number of cases of NIDDM in the latter study was, however, fairly low (45). Futhermore, multivariate analysis related only to divisions of patients into two groups with a-tocopherol levels above and below median. Our unadjusted results relating to a greater number of cases, with a-tocopherol levels divided into tertiles, are partly in accordance with the ®ndings of Salonen et al. (1995) . However, in our study adjustment for a major risk factor for NIDDM, obesity, and for cardiovascular risk factors abolished the signi®cance of the association. In addition dividing the patients into two groups on the basis of the a-tocopherol median in our study, as Salonen et al. (1995) did, did not alter our ®ndings (data not shown).
Associations between serum levels of retinol and bcarotene and risk of diabetes have been studied less frequently. In experimental diabetes, retinol has been shown to protect islet beta cells (Chertow et al, 1989) . Although the incidence of NIDDM was lower in the highest tertile of serum b-carotene than in the lowest tertile in our study, no signi®cant trend between tertiles was observed, and the mean serum concentrations of b-carotene in diabetics and controls did not differ signi®cantly. In addition, no association was found between retinol levels and incidence of NIDDM. The association between carotenoid levels and risk of NIDDM in our study is therefore even weaker than that between a-tocopherol levels and NIDDM.
We did not include post-load plasma glucose among the variables for which adjustment was made because glucose may be regarded as an intervening marker in NIDDM risk and thus would have led to over-adjustment. However, we also undertook analyses including glucose as an adjusting variable but the results remained materially similar as without glucose. According to our results, the lower risk of NIDDM with high serum tocopherol levels was not related to serum cholesterol levels in contrast with earlier ®ndings (Salonen et al, 1995) . In our study, the risk of NIDDM was also not associated with the serum cholesterol levels (data not shown).
Serum levels of antioxidant vitamins re¯ect dietary intake. At the time of the baseline examination relating to our study, supplemental use of any vitamin was very rare in the study population. Although our ®ndings suggest an association between high serum levels of antioxidants, particularly a-tocopherol, and a decreased risk of NIDDM, factors other than increased intakes of antioxidants may explain the association. No evidence exists that any particular dietary component increases or decreases the risk of NIDDM; excess energy consumption, regardless of source, leading to obesity is the only relevant dietary factor (Jarrett, 1989; Colditz et al, 1992) . People consuming diets with high contents of anti±oxidants probably differ from other people on the basis of various other indicators of healthier life styles. We have previously reported that high intakes of antioxidants are associated with lower mortality from cardiovascular disease . One explanation for this association is possibly the healthier life style of people who eat diets high in antioxidants. Unfortunately we had no information on the dietary intakes of our cases and controls in the study presented here. It can, however, be assumed that dietary habits together with other lifestyle factors favoured prevention of diabetes in people with high serum levels of antioxidants. This assumption is strongly supported by our results showing that the inverse association between serum antioxidant levels and risk of NIDDM was considerably diminished after adjusting for factors connected with health habits.
Conclusions
Our study demonstrated a reduced incidence of NIDDM in people with high serum levels of the antioxidants a-tocopherol and b-carotene. However, the signi®cance of the reduction diasappeared on adjustment for cardiovascular risk factors. Our results therefore do not support hypotheses that low levels of dietary antioxidants cause NIDDM, but rather suggest that the association is mediated through factors more closely connected with the pathogenesis of NIDDM.
